Implantation of deep brain stimulation (DBS) electrodes for the treatment of involuntary movement disorders, such as Parkinson's disease, routinely relies on the use of intraoperative electrophysiological confirmation to identify the optimal therapeutic target in the brain. However, only a few options exist to visualize the relative anatomic localization of intraoperative electrophysiological recordings with respect to post-operative imaging. We have developed a novel processing pipeline to visualize intraoperative electrophysiological signals registered to post-operative neuroanatomical imaging.
INTRODUCTION
Deep brain stimulation (DBS) is now a standard therapy for the motor symptoms of Parkinson's disease (PD) (Benabid et al., 2009) . Standard practice for DBS implantation at many institutions worldwide relies on intraoperative microelectrode recordings (MER) to delineate single-neuron responses corresponding to voluntary and passive motor tasks, increasing efficacy in localizing the therapeutic target (Abosch et al., 2013) . In current practice, few centers have access to tools that would permit visual confirmation of intraoperative electrophysiology -used to infer brain anatomy -co-registered to post-operative structural MR (magnetic resonance) anatomy.
Intraoperative single and multi-unit microelectrode recordings remain a dominant method for implantation of electrodes into the ventral intermediate thalamus for essential tremor, subthalamic nucleus or globus pallidus internus (GPI) for Parkinson's disease (PD), and GPI for dystonia (Bari et al., 2018) . However, validation or confirmation of intraoperative MER electrophysiology is often overlooked in postsurgical analysis due to the lack of available tools. Many sophisticated tools exist for post-operative representation of the DBS lead in normalized MNI (Montreal Neurological Institute) space (Butson et al., 2011 (Butson et al., , 2007 Chaturvedi et al., 2010; D'Haese et al., 2012; Horn et al., 2017; Horn and Kühn, 2015; Pallavaram et al., 2008) , using automated extraction of the DBS lead -particularly using post-operative computed tomography (CT) (Husch et al., 2018 ) -which may not accurately represent electrode curvature and thus fail to show correspondence with intraoperative recording locations. In addition, limited options exist for aligning the intraoperative electrophysiology with post-operative imaging in patient native MRI space.
This study illustrates a processing pipeline for visualizing agreement between inferred anatomy from electrophysiological signals and post-operative MRI. This processing suite uses the manually extracted 3D model of the DBS lead, from a post-operative MR imaging set, to extrapolate the recording trajectories of the implanted track and any additional recording tracks relative to a standard neurosurgical
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A C C E P T E D M A N U S C R I P T microelectrode holder. Registered to post-operative MR, computed single-neuron parameters (e.g., firing rate) are aligned along their respective recording trajectories. Post-surgical evaluation of intraoperative electrophysiology parameters in relation to their putative recording trajectories within post-operative MR space, typically used for determination of a well-placed DBS lead, will permit post-operative confirmation of inferred anatomy and assist in DBS related research.
METHODS

Subjects
For this study, data were derived from three subjects undergoing DBS (3389; Medtronic, Minneapolis, MN) implantation surgery targeted to the STN for the treatment of PD (3 males; age 58.7 ± 1.5 years; mean ± STD; 2 right hemisphere implantations). All subjects met accepted selection criteria for STN-DBS, including a persistent positive response to anti-PD medications (> 30% improvement on the motor subscale of the Unified Parkinson's Disease Rating Scale, in the on-vs. off-state (Abosch et al., 2012) ), the absence of dementia on neuropsychological testing, and medical clearance for surgery.
Imaging acquisition
For this study we used a pre-operative non-contrast 3D T1 volumetric scan and a post-operative T2weighted or susceptibility-weighted scan, both acquired on a 1.5 T MRI (Siemens, Symphony Magentom TIM -8 channel). The bottom of contact 0 was identified in the axial plane, as the first ventral slice with the absence of electrode artifact in the T2 sequence (see Figure 1 A, C for example images).
MNI registration
To visualize the electrophysiological parameter of interest in MNI-152 standard atlas space we used a linear rigid transformation of the post-operative T2 with the ICMB152-T2 (provided in the supplementary
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A C C E P T E D M A N U S C R I P T material along with the ICMB152-T1; http://nist. mni.mcgill.ca/?p=798 ; Mazziotta et al., 2001a) in ITK-SNAP. Briefly, using ITK-SNAP, the post-operative T2 sub-cortical slab (dimensions: 512 x 512 x 35 pixels; 0.5 x 0.5 x 2 mm; see Figure 5A ), was registered to the ICMB152-T2 using a rigid transformation with mutual information as the image similarity metric. The transform matrix resulting from the registration was applied to the electrode mask. Finally, both the transformed NIFTI files (electrode mask and postoperative T2) were resliced with a z-dimension matching the ICMB152-T2 sequence.
Data preprocessing
Processing steps are diagrammed in Figure 2 . The first step in preparing the MR neuroimaging data requires removing voxels that represent non-brain tissue, such as skull and scalp features. To complete this process, within the Mango (Multi-Image Analysis GUI; http://ric.uthscsa.edu/mango/ ; (Kochunov et al., 2002) , we applied the Brain Extraction Tool (BET) from the FSL neuroimaging analysis suite (Smith, 2002) to both the pre-operative T1 and post-operative T2. To extract a binary mask of the DBS lead, axial T2-weighted post-operative MRI were used to identify the location of the wire artifact. The DBS lead of interest (i.e., Left or Right) was manually segmented using ITK-SNAP (www.itksnap.org; (Yushkevich et al., 2006) . The manually segmented 3D polygon composite of the DBS electrode was exported from ITK-SNAP as a binary mask. To overlay a subject-specific auto-segmented brain region from the Freesurfer analysis pipeline (Desikan et al., 2006; Fischl et al., 2002) applied to the pre-operative T1, we used rigid registration within ITK-SNAP (describe above) to register the T2-weighted and T1 images. The transformation matrix computed from the registration of the T2 to the T1 was applied to the 3D binary mask of the DBS electrode.
Electrode modeling
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The processing steps involved in generating a model of the DBS lead based on the manually derived binary mask were executed using custom programs written in MATLAB 2016b (Mathworks, Natick, MA). Figure   3 provides a diagrammed representation of the descriptions, input and output arguments, for the custom MATLAB programs. All MATLAB functions associated with this procedure are available https://github.com/neuropil/DBS-NP-Map. In addition to base MATLAB, the following toolboxes are required to use our pipeline: Imaging Processing, Curve Fitting, and Statistics and Machine Learning. Figure 4 depicts the processing steps associated with generating the electrode model from binary mask.
The DBS electrode processing program (ExtractDBSPolygon.m), reads in the binary mask (.nii) using the NIFTI Tool box suite (file exchange). First, for each axial plane, the centroid and area are computed for the 2D binary map representing the electrode mask ( Figure 4B2 ). Next, the array representing the centroids derived from the 3D plane stack is interpolated with a 1-D spline function and smoothed using a robust version of a local regression with weighted linear least squares and a 2 nd degree polynomial model (i.e., MATLAB function 'rloess'). The original number of slice planes in the z-dimension (i.e., axial plane) are resampled from the smoothed and interpolated centroid array. Finally, at each axial plane, a new binary mask is computed to represent the electrode mask. The new mask is represented by a circle centered on the new centroid and is computed with the diameter of the actual DBS electrode lead (e.g., Medtronic 3389: ~1.3mm).
Electrophysiological mapping
For this study, we collected microelectrode recordings using either a MicroGuide or NeuroOmega electrophysiological recording system (AlphaOmega, Nazareth, Israel). Our analysis was not dependent upon the recording system, and our software was not dependent on a specific neurophysiological software processing suite. To align a selected single or multi-neuron electrophysiological metric (e.g., firing rate) with the 3D model of the DBS lead within the post-operative MR space we used the following
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procedure. The neurophysiological metrics required for the alignment process include the following for each recording location contained in a Microsoft Excel file or comma delimited file (i.e., .csv): 1) neurophysiological parameter of interest (e.g., normalized root mean square of the voltage amplitude, number of individual neurons, average firing rate of single neurons, etc.,), 2) electrode number, which is the arbitrary number assigned to the electrode with the BenGun microelectrode holder (permits the use of up to 5 electrodes), 3) trajectory orientation relative to BenGun microelectrode holder position (e.g., center, anterior, posterior, lateral, or medial), 4) recording depth relative to the assigned stereotactic target (i.e., 0 mm). The recording depth was encoded in micrometers in an integer format (see Figure 2B for a representation of the user interface. In addition, there is a main function that will generate the entire processing suite and can be used in isolation (DisplayEphys2DBS.m).
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The electrophysiological feature intended for post-operative representation can be reflected within MR space using two image properties to indicate relative differences across recording depths. Relative differences in the electrophysiological property as a function of depth can be displayed using either size or a color gradient. To generate this representation, the values are normalized to the maximum value of the input feature vector (e.g., firing rate). However, it is also feasible to plot the locations of the recording information within the available recording trajectories without any relative difference in magnitude.
RESULTS
Electrode mapping visualization
The primary use of this software suite is the visualization of intraoperative single or multi-unit neurophysiological data collected from the implantation of a DBS wire in post-operative MR imaging. Figure 5C1 ) or the difference in a binary color gradient with the polar color extremes representing the highest and lowest values (see Figure 5C2 ). These features can also be combined (see Figure 5C3 ). 
ACCEPTED MANUSCRIPT
Applications
A C C E P T E D M A N U S C R I P T
DBS is used to treat many medical conditions in addition to Parkinson's, including ET, dystonia, and OCD (Miocinovic et al., 2013) . Intertwining scientific research with surgical intervention, DBS is proving to have new indications in treating other neurologic and behavioral diseases including depression, schizophrenia, Alzheimer's, and obesity (Greenberg et al., 2010; Mann et al., 2017) . As research continues expanding our understanding of subcortical electrophysiological functions and associated treatment applications, the neurosurgical community will require tools in overlaying and validating intraoperative electrophysiology (Udupa et al., 2015) . Our analysis pipeline provides opportunity in expanding applications to DBS electrophysiology of other subcortical targets. Additionally, the following algorithms highlight the areas of subcortical recordings and allow direct visualization of these parameters aligned with the postoperative MRI.
Limitations
Our pipeline does not provide a robust DBS electrode extraction function, and it is a significant limitation that our extraction protocol requires manual segmentation. The objective for our extraction method was constructed for use in cases where post-operative CT was not available as well as in cases where the postoperative MRI were acquired with low resolution sequence parameters. However, our program will accept a mesh binary map for the DBS electrode wire derived from another algorithm or application.
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FIGURE LEGENDS
Figure 1
A, For the deep brain implantation procedure, pre-operative stereotactic neuronavigation planning involves the acquisition of a computed tomography (CT) sequence set for reducing susceptibility to image distortion, in addition a structural T1 magnetic resonance image data set (standard volumetric voxel size:
1x1x1mm 3 ) is often collected to register frame-based and non-frame based stereotactic systems. Finally, specific MRI sequences may be obtained to enhance identification of the intended target (e.g., T2-FLAIR for the subthalamic nucleus (STN)). 
